Abstract: We demonstrate octave-level spectral broadening of mode-locked Er-and Yb-doped femtosecond fiber lasers inside constant-period and chirped RPE PPLN waveguides. Chirped QPM gratings greatly improve spectral broadening of Yb-fiber lasers.
Introduction
Carrier envelope offset (CEO) phase sensing is typically based on self-referencing schemes which require octave or near octave-spanning pulse spectra for their operation [1] . For non-octave-spanning oscillators, self-referencing relies on the implementation of, usually separate, elements for spectrally broadening to the octave level and for the nonlinear frequency conversion steps required for phase sensing. Typically, highly nonlinear and photonic crystal fibers have been used to generate octave-spanning spectra from mode-locked lasers, whereas bulk nonlinear crystals have been used for frequency conversion. Recently, it has been shown that these two functionalities can be combined into a single optical element, namely periodically poled lithium niobate (PPLN) waveguides [2] or bulk PPLN crystals [3] . Naturally, waveguides greatly reduce the power requirements for carrier envelope phase sensing. In conjunction with Er-fiber lasers, they allow for the construction of completely optically integrated frequency comb systems [2] . However, using PPLN waveguide technology, only 2f-to-3f self-referencing schemes have been demonstrated [2] , since octave-spanning pulse spectra have not yet been available. Here we show that by optimizing device parameters, octave-spanning spectra can indeed be generated in PPLN waveguides. Moreover, for the first time, we demonstrate spectral broadening of Yb-fiber lasers in PPLN waveguides, where chirped poling periods greatly enhance the amount of spectral broadening. This technology potentially opens the way to ultra-compact phase-stable Yb-fiber lasers and Yb-fiber-laser-based frequency-comb systems.
Experimental Setup
A schematic of our experimental setup is shown in Fig. 1 . Light from an amplified mode-locked fiber-laser was coupled into 33-mm-long RPE PPLN waveguide devices containing QPM gratings with various lengths and periods. The resulting output was then either coupled into a fiber to be measured using an optical spectrum analyzer (OSA) or free-space coupled into a scanning grating monochromator. The amplified Er-fiber (Yb-fiber) laser produced 50-fs (150-fs) pulses with a center wavelength of 1580 nm (1043 nm) at an 86-MHz (90-MHz) repetition rate. 
Experimental Results
Using the Er-fiber laser as the pump source, we measured the spectra out of the RPE PPLN waveguide as a function of QPM grating period and length [4] . An IR spectrum taken with a scanning grating monochromator is shown in Fig. 2a . The spectrum exhibits more than an octave between 1420 nm and 2840 nm at the -30 dB spectral power level. The spectral components near the zero (SHG) GVM wavelength around 2750 nm have been marked with a dashed circle. A theoretical plot of the SHG GVM and GVD parameters for bulk lithium niobate (extraordinary wave) is shown in Fig. 2b , indicating the DFG origin of the marked spectral components. Numerical simulations exploring the exact broadening mechanisms are currently underway. Switching to the Yb-fiber laser as the pump source, we measured the spectra out of the RPE PPLN waveguide as a function of QPM grating period, power, and QPM grating chirp rate using an OSA (see Fig. 3a and 3b) . In order to obtain significant spectral broadening, chirped PPLN waveguides were used. The best results were obtained for a poling period linearly chirped from 7 -11 µm over a 29-mm QPM-grating length. As shown in Fig. 3c , spectral broadening to > 2 /3 of an octave was obtained in the optimum case, where the spectral region beyond 1700 nm was cut-off by the limited range of the OSA. These waveguides were deeper than the ones used for telecommunication applications and had a cut-off wavelength around 4 µm. The pulse energy requirements for octave-spanning spectra in PPLN at Yb wavelengths were estimated to be around 6 nJ, similar to typical requirements for photonic crystal fibers. Numerical modeling should allow to establish optimum chirp rates and QPM grating lengths to minimize these power requirements while maximizing the amount of spectral broadening. Actual carrier envelope phase sensing will further require the implementation of additional constant period frequency conversion sections. 
Conclusion
We demonstrated octave-level spectral broadening of Er-and Yb-doped femtosecond fiber-lasers inside RPE PPLN waveguides. Using chirped PPLN devices for the first time, spectral broadening of an Yb-fiber laser to more than 2 /3 of an octave was demonstrated. We believe chirped PPLN waveguides will play an important role in future compact phase-stable laser and frequency-comb systems.
